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Difference in depth of modulation

Federal Aviation Administration

International Civil Aviation Organization

Instrument Landing System

An imaginary point on the glide path’localizer ccurse measured
along the runway centerliu. extended, in the approach direction,
3-00 feet from the runway tareshold

A point through which the downward extended straight portion

of the glide path (at the commissioned angle) passes at a height
of 100 feet above the horizontal plane containing the runway
threshold

The distance from Point "B" to Point "C" for evaluations of
Catogory I and Category II training systems. The distance from
Point "3" to the runvay threshold for evaluations of Category II
operational systems

Radio telemetering theodolite

Covariance for varinbles indicated by subscripts

Actual glide path deviation in linear units (ft)

Distance between the O DDM lncus and the straight-line asymp-
tote at the commissioned angle as measured in the vertical plane
containing the runway centerline, measured normal to the
straight-line asymptote (ft)

Indicated glide path deviation in linear units (ft)

Total altitude of aircraft wheels above GPIP on runway (ft)
Actual rate of climb (ft/sec)

Integral of airspeed error feedback gain in autothrottle (1b/ft)
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Ke!
torT

5e or DEL E
op or DEL T

W, or ETACB

ne OF ETAE

r,p or ETAP
ﬁp or ETAFD

95 or THETA

Tg

Pitch attitude gain in autothrottle (1b-thrust/red)

Time (sec)

Total horizontal displacement of aircraft center of gravity
from GPIP on the runway in the direction of the centerline,
or longitudinal force applied to aircraft (ft or 1b)
Elevator deflection angle (rad)

Engine thrust perturbation (1b)

Differential trace referenced to the ideal O DDM locus for
the commissioned angle, in angular units (uA)

Indicated glide path deviation in angular u..ts (uA)

Actual glide path deviation from the ideal O DDM locus for the
commissioned angle in angular units (pA)

Actual glide path deviation rate in angular units at fixed
range (uA/sec)

Pitch attitude perturbation (rad)
Correlation coefficient for variables indicated by subscripts

Denotes one standard deviation in general; may be particulariz
by subscript

Airspeed low-pass filter time constant (sec)

Pitch attitude low-pass filter time constant (sec)

Special Notation

E[.])
(+)rp
(*)

.

(+)

Expected value of (-]
Touchdown-related value of ()
Denotes mean or expected value of ()

Derivative with respect to time of (.)
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SECTION I
INTRODUCTION

The standard aid to low visivility approach and landing in commercial
aviation is the Instrument Landaing System (ILS). Two radio beams (the
"Glide Slope" and the "Localizer") are formed to guide an aircraft on the
proper approach glide path and along the extended runway centerline in the
landing direction. Part i of this report documents the results of using
system simulation and analysis techniques to determine maximm levels for
ILS Glide Slope beam structure characteristics which still result in
acceptable approach and landing outcomes, These results, in turn, led
to recommendations for revision of the flight inspection procedure which
is used to assure the accuracy of ILS Glide Slope facility guidance., The
recommended procedure proposes that limits be applied to indiccted M
path deviation, actual glide path deviation, and actual glide path devia-
tion rate responses for typical aircraft/control system combinations. This
is in addition to the current practice of applying limits to the "differen-
tial trace" generated in the course of flight inspection. DTheae additional
limits would be upon variables which are directly relevant tc the approach
and landing outcome. This is in distinction to limits placed upon the
"differential trace” variable alone since the differential trace relates
only indirectly to approach and landing performance. It is proposed that
the required responses for "typical aircraft/control system combinaticns"
be generated by a filter system having as its input the "differential trace"
. signal in the revised flight inspection procedure. The filter system would

be part of the airborne flight inspection equipment. The filter system, in
. effect, is a highly simplified, but representative, simulation of any air-
craft executing automatically or manually coupled approaches.

Here in Part II of the report, validation of assumptions and in-depth
exercise of the aircraft/control system simulations and filter systems is
the central purpose. The objective is to identify the filter system which
generates responses most representative of typical aircraft/control system
responses, and to provide deterministic response data for the aircraft/control
system combinations simulated.

TRe10u%-1-TT 1
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ORGANIZATION OF FILTER SYSTEM AXD AIRCRAFT/
CONTROL SYSTEM SIMULATION DATA

The nature cf this validation task requires a substantial data base.
The required data base is included in this report in the form of mmerous
computer-drawn plots. The fact that several different types of comparisons
must be made precludes organizing the data in a universally suitable way.
Therefore an organization which facilitates reference has been chosen.

The data base is organized primarily by type of input (prototype Glide
Slope fault or Glide Slope flight inspection record with or without stochas-

tic atmospheric disturbances). The secondary level of organization is by
the particular dynamic system generating the responses (the pariicular pro-
posed flight inspection filter system or aircraft/control system combination
simulated).

ORGANIZATION OF THE REPORT

Section II is concerned with selection and validation of a filter system
representation of typical aircraft ‘control system dynamics during coupled
approaches.,

In Section III, simulated aircraft /control system responses to actual
ILS Glide Slope facility flight inspection data are evaluated for accepta-
bility of approach and landing performance, This evaluation is made by
examining touchdown sink rate and location, and by examining the responses
for exceedances of their critical 20 levels (developed in Ref. 1) for accept-
able approach and landing ou..omes, Simulated flight inspections using the
filter system concept are used to evaluate the same ILS Glide Slope flight
inspection data using the 20 tolerance levels developed for the recommended
revised flight inspcction procedure in Ref. 1, Section III also presents a
comparison of IL3 Glide Slope facility acceptability results as determined
by simulated approach and landing and as determi.ed by simulated flight
inspection. In addition, touchdown dispersion arising fr-m wind, wind shear
and turbulence offects is presented for approaches and landings simulated
for several difierent ILS Glide Slope faclilities.

ny
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A final section, Section IV, summarizes the principal conclusions
derived from this simulation effort.

o The filter system and aircraft/control system response plots for the
prototype Glide Slope fault inputs are contained ia Appendix A, and the
response plots for actual ILS Glide Slope flight inspection data inputs
are contained in Appendix B,
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SECTION 1.

SELECTION AND VALIDATION OF A FILTIR SYSTIM
EEFRBRNTATION OF TYPICAL ATRCRAF?
ST DYNAMICS OF OOUPLED

Two filter systems have been proposed in Ref. 1 for the processing of
ILS Glide Slope flight inspection data. Filter Systom No. 1 is a highly
simplified simulation of typical aircraft/coutroi system combinations. It
assumes perfect pitch attituds and airci;eed control, and a proportionmal
control representation of the approach coupler. Figure 1 is & block dia-
gram for Filter System No. 1. The essential dynamic bebavior of the air-
craft in this simplification is the first-order lag in rete-of-climb
response to pitch attitude changes.

Filter System No, 2 is an alterrative highly simplified simulation of
typical ai-craft/control system combimations. It assumes perfect rate-of-
climb and airspeed control, and a proportional-plus-integral representation
of the approach coupler. Figure 2 ig a block diagrem for Filter System
No. 2. The dynamic behavior of this simplified simulation is independent
of all aircraft dynamic characteristics. It depends only upon the coupler
dymamic characteristics and kinematic relationships.

The responses of these two filter systema will be compared with the
responses of the four simulated aircraft/control system combimations in
order to select the one filter system which provides the best general
representation of all simulated aircraft/control system combinations., The
nature of the response comparison is qualitative. Reproduction of response
features without particular regard for megnitude is the main criterion,
Differences in response magnitude are calibrated out by the procedure used
to evolve the permissible tolerance levels for flight inspection in Ref. 1.

FINAL SELECTION ARD VALIDATION
OF A FIITER SYSIEM

Table | lists figure mummbers for comparsble responses of the filter
systms and aircraft/control system combinations on each line. Actual
comparison shows that:

TR-1043.1-I1 b
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wy Typical Ghde Slope coupler integral path
gan, 0.20 rad/sec

Ko  Conversion constont 12,278, (uA/rad)

K, Course softening gain function; K, = 1.0,
H = 600 ft; decreasing linearly to zero
gt H=0; K,=0, H=0ft

Ko Typical Glide Slope coupler gain, 0.2918
(ft/cec)/uA

Figure . Block Diagram for Alternative Filter System Wric» Generates
Typical Aircraft Indicated Deviation, Actual Path Deviation, snd
Actual Path Deviation Rate Responses (Filter System No. 2)
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® Filter System No. 2 is slightly superior to Filter
System No. 1 in its ability to reproduce qualitatively
the response characteristics of the aircraft/control
system cambinations.

® The response characteristics of all aircraft/control
system combinations simulated with the exception of
the inertially augmented system are similar.

® Responses of the inertially augmented system in actual

path deviation, D, and actual path deviation rate, DD,

are considerably smoothed and attenuated, respectively.

The indicated path deviation response, DE, for the

inertially augmented system approximates the Glide

Slope forcing function, DCB,
The first point above is the basis for selection of Filter System No. 2 for
representing typical aircrast/control system dynamic behavior. The fact
that Filter System No. 2 does not represent the inertially augmented system
responses accurately is of little importance becaus= of the third point above.
Ram:ly, since DE is approximately DCB for inertially augmented systems, and
because it has been shown in Ref. 1 that the limiting factor for inertially
augmented systems is the missed approach rate (which in turn has its source
in large indicated path deviation), tolerances placed upon DCB alone are
sufficient to assure adequate performance from inertially augmented systems.
Of course, it would also be possible to consider a third filter system which
would be a highly simplified simulation of inertially augmented systems, but
this does not appear to be warranted.

The second point above is the basis for not specifically considering
manually controlled flight director systems further. The mamually controlled
flight director system responses are very similar to the LSI automatic landing
system responses in Figs. A-14 and A-16 and in Figs. A-25 and A-27. Addi-
tional aanually controlled flight director runs therefore are unnec:ssary.

Table 2 lists figure numbers for comparable responses of Filter System
No. 2 and the CV-880/LSI automatic landing system for all nine ,rototype
Glide Slope fault inputs. Actual comparison shows good qualitative agree-
ment in response shape and phase for all prototype Glide Slope inputs. This
validates selection of Filter System No. 2,

TR-1043-1-I1 7




TABLE 1

RESPOKSE COMPARISON FOR FILTER SYSTEMS NO. 1 AMND NO, 2
ACROSS AIRCRAIT /CONTROL SYSTEM COMBINATI(MS FOR
GIVEN PROTOTYPE GLIDE SLOPE FAULTS

FILTER SYITEM ATRCRAPT /CONTROL SYSTEM
PROTOTYPE GLIDE FIGURE NUMBER FIGURE NUMB:...

SLOPE FAULT NO. N, 1 /M. 2 ISI / IS / ¥FD / PA-30
2 A-2 A3 A<1h  A-15  A-16  A-17
3 Ak A5 A-18  A-19
9 A-11  A-12 A-> A-26 A-27 A-B
? TABLE 2

RESPONSE COMPARISON FOR FILTER SYSTEM NO. 2 WITH THE
CV-880/LSI SIMULATION ACP0SS PROTOTYPE
GLIDE SLOPE FAULT INPUTS

PROTOTYPE GLIDE  FILTER SYSTEM NO. 2 CV-860/LSI

SLOPE_FAULT NO. FIGURE NUMBER FIGURE MUMBER
. A-1 A-13
2 A-3 A-1h
3 A-5 A-18
A A-6 A-20
| 5 A-7 A-21
B 6 A-8 A-22
| 7 Ay A-B
a | 8 A-10 A-24
g 9 A-12 A->

TR-1043-1.1I1 8

VO~ e




SECTION IIX

XIMULATED ATRCRAYY /CONFROL SYSTEM PERFORMANCE WITX

In this section the performance prediction capability of the aircraft/
coatrol system simulation model will be presented. In addition, the key
flight inspection tolerances developed in Ref. 1 will be applied (o the
responses of Filter System 2 {0 illustrate their effectiveness in discrimi-
pating against ILS Glide Slope facilities vhich would induce out-of-

specification approach and landing performance.
IANDING PERFORMANCE

Table 3 summarizes the landing performance data for the simulated
aircraft/control system combinations in response to actual Glide Slope data
inputs. Data for 22 runs in respon.: to 16 different Glide Slope facilities
covering all categories of service is given. Among these, 8 runs are given
which include calculation of the dispersive effects of wind, wind shear and

turbulence upon landing performance.

The mean sink rate at touchdown and the mean location of the touchdown
point with respect to the Glide Path Initial Point (GPIP) in Table 3 may be
regarded either as the average values at touchdown in the presence of atmos-
pheric disturbances, or as the values which would occur in the ccmplete
absence of atmospheric disturbances. The mean sink rates resulting at
touchdown are reasonable, but are slightly on the high side, for all runs.
(No special attempt was made to tune up the flare computer in the simula-
tions tc achieve the more usual nomimil sink rate at touchdown of 2 ft/sec.)
The mean touchdown point location is acceptable for all cases except

No. 14 Cv-880 LSI
No. 16 Cv-880 LSI

and the following cases are near the borderline but are nevertheless within
specification:

TR-1043.1.11 9




ITqeorTdde JO0N = VYN,
-SuTpuvl Tenuvu Y3 A suojiuvaedo I AI0Baje) pPeIEINWS,
*SutpueT oF3VEOINE Y3 TA suojivaado ITI-IT AI0Be3w) pejeTMWIs,

*pejoU 28TMIIYJO SsaTun £1089390 A34TT08] SII Sv owes ST suojjexado Jo AJ0B9390 POJUTIMRIS 90N

00g\ 0gg/o¢ ¢6°'0 < (8 > Wy~ > 0)d oli‘o 00°2 "o (8 )onTeA T®OTITID

[ {4 68¢ che 6¢¢’0 7620°0 @29°L Lot x G0 «SI 088-AD 11 w2
%61 ¢ie 119 1 ong'o Le20°0 619°0 Lo aL'o I81 II e

€91 me oS¢ oHco n620°0 &29°0 000°0 «SI I 9t

: 961 909 60°¢ ent’o Lgeo‘o 619°0 N 181 ' 9t
m 111 80" 1 4 St
| €06 L2 N ‘151 088~AD nl
CL L] €ce QZINAANI o¢-vd €t

gns < 181 088-A0 €l

62¢ g€ } v 21
9¢H -1 441 AL 181 1)

Ol Lig 8¢ r£4e’0 "620°0 @9'0 | Ol ~£6°0 SI ot

161 o2 134 ong'C La20°0 619°0 | 181 | ot

662 16°¢ m 1 6

02¢ oS¢ II L

99% 9L°¢ 9

862 o€ “ <

12¢ ge'¢ 151 088-A) 11 "

9%4 (WAL LCRLEAT of-w 111 <

cen eC°¢ 151 088~AD 4

_ on9 96¢ lo0°¢ 9L¢°0 €gc0°’0 6LL'0 %4G0°0 JGRLNBANT o¢-vd ﬁ 2
€61 924 ¢ INC°O0 L920°0 619°0 000°0 181 098-AD 2

\ L2 9¢°¢ 181 ogg~AD II1 {

298
-oumﬂnv.nn (33) (o98/33) nm.s. \xamaw (%.8) (®®) | aurtraveoss | qiers AMODELYD | COK ‘aI
LNTR4100d WOIIVO0T | IV XNI8 | NMOQHONOL | NOILVMATIOOV | HOLId HOVOudd Y qouisco | LAVEOUIV ALITIOVd k% (091
RNOQHONOL 2% RAOGHONOL NV WOILVIAM] QUVANVES aZeSIN s a1,

SLAINI VIVA NOILOIJSNI IHDIN IJ0T8 TA'® TVALOV ¥Od FONVWIOJIYAd ONIAQNVT ¢ ITEVL




No. &4 Cv-880 LSI
No. 7 Cv-880 LSI
[ No. 10 Cv-880 1s*
No. 12 Cv-880 LSI

The standard deviation of fhe sink rate at touchdown arising because of
random atmospheric disturbance effects is small (approximately J.340 ft/sec)
for the 8 runs wherein that statistic is computed.

The longitudinal dimension of the *2¢ touchdown footprint is well within
. the permissible range for all runs. It is interesting to notice, however,

- |

that the longitudinal dispersion arising from atmospheric disturbances alone
is much smaller than that arising from the combined effects of atmospheric
disturbances and ILS Glide Slope beam alignment error and structure. (This

R T AR N N T SRR R T XTI A TR T, R T GREIX
T A
‘

1 may be seen by comparing entries in Table % with comparable entries in

Table 3 of Ref. 1.) In fact, the longitudinal dispersion for the combina-
tion of inputs is much larger than the root-sum-squared values for the sepa-
rate inputs acting alone. The mechanism of this effect can be appreciated

by considering the approximate equation for the *20 touchdown footprint
dimension (Eq. C-1% from Ref. 1):

) H=0

If the expression in the Lrackets is squared and the quantities are considered

N ——

to consist of two (or more) uncorrelated components, then

(CXH) * OXHp + +..)"

M RIS

. Hi

where Cyi ic the covariance of X and H, 1t is clear that if all agi are

of comparable size, all °§i are of comparable size, and the magnitude of

CxHy is very large in compurison to the other Cyy; then

TR-1043-1-IT 1
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vhere the righthand side is sum-square of the components.

All pilot acceptance related factors in Table 3, the standard deviations
of pitch attitude ard normal acceleration, are well within the permissible
ranges for all runs for which these quantities were computed. Notice that
the values computed are mainly specific to the aircraft and are to a small
extent specific to the control system.

The missed approach rate predicted for the 8 runs wherein atmospheric
disturbance inputs are included is acceptable. However, the missed approach
rate for the Pipe: PA-30 is 8 percent higher than the target missed ‘spprosch
rate of 0.05. In attempting to complete the runs for the Piper PA-30, the
autothrottle law described in Ref. 2 was found to be ineffective. (No auto-
throttle at all would result in bette~ performance.) The autothrottle law
of Ref. 2 was used for the simulation work reported in Ref. 1 without modi-
fication, and appears to be almost entirely responsible for the poor landing
performance reported in Ref. 1 for the Piper PA-30 and the invented control
system. The autothrottle gains are modified to the values listed in Table 4
for the simulation runs reported herein. These gain values were derived by
reference to the longitudinal acceleration equation for the Piper PA-30. The
root-mean-square thrn*tle activity for the modified and ummodified auto-
throttle control law gains is comparable. However, dynamic performance for
the modified autothrottle is superior.

The data for Glide Slope identification mmbers 10, 16, and 24 permit
some tentative assesament of the benefits of inertial augmentation in the
Glide Slope coupler law. In every case, the addition of inertial augmenta-
tion reduced the longitudinal dimension of the %20 touchdown footprint by
the modest amount of 15 percent, and, in two out of three cases, the mean
touchdown point is closer to that for the ideal Glide Slope, 500 ft (from
Table 3, Ref. 1).

TR-1043-1-II 12




TABLE s
GAIN VALUES FOR MODIFIED PA-30 AUTOTHROTTLE

1/tq = 0.5 red/sec

Ka = 25.h lbethrust/(ft/sec)

K1, 1.2 (1b-thrust/sec)/(ft/sec)
1/tg = 0.5 rad/sec

LY

1800, lb-thrust/rad

APPLICATION OF FLIGHT INSPECTION TOLERANCES

The purpose of this subsection is to demonstrate the effectiveness of
the proposed flight inspection filter concept ir discriminating against
those ILS Glide Slope data records for which out-of-specification approach
and landing performance is indicated by simulation results. This demon-
stration proceeds by comparison of hypothetical facility rejections uased
upon simulated system performance evaluation with facility rejections based
upon simulated flight inspections using the filter system concept.

The tests applied to the simulation data are as follows. The responses
in actual glide path deviation (ETAP), indicated glide path deviation (ETAE)
and actual glide path deviation rate (ETAPD) of Filter System No. 2 to the
differential trace (ETACB) of the flight inspection data for each of the
12 different ILS Glide Slope facilities’ are compared with the 20 tolerance
levels corresponding to each response variable and the differential trace
itself. The test fails for a given facility if any one respouse variable
exceeds the corresponding 20 tolerance level given in Fig. 3 for more than
5 percent of the record length!. (For more details concerning application

“Figures B-1a through B.12a of Appendix B.

'The record lengths from simulation are somewhat shorter than those which
would resvlt in flight inspection since only the last 750 ft of descent is
similated. The last 750 ft does cover the most crucial phase of the approsch

and landing however.

TR-1043-1-I1 13
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of these tolerances, refer to the "Data Analysis" subsection in Section III
of Ref. 1,) This test is applied for two levels of the tolerances. One
level is appropriate for Category I facility performance; the second level
is appropriate for Category II or III facility performance. The results
of this test (blank or P = pass, F = fail) are indicate’ .y the above-the-
line entries in Table £ for each variable and category of performance.

Table £ also contains the results of comparing the simulated responses
of the CV-880/LSI aircraft/control system combination in actual glide path
deviation, indicated glide path deviation and actual glide path deviation
rate to the differential trace of the flight inspection data for the same
12 ILS Glide Slope facilities” with critical 2s levels (given in Fig. &)
whick jusct parmit acceptable approact and landing performance. (These levels
are developed in Ref. 1.). The test fails for a given facility if any one
response variable exceeds the corresponding 2- level for more than © percent
of the record length., This test is applied for levels appropriate for Cate-
gory I operational performance and for Category II or III operational perfor-
mance. The results of this test (blank or P = pass, F = fail) are indicated
by the below-the-line entries in Table ¢ for each variable and category of

performance.

Comparison results summarized in Table 5 show that all facilities
rejected cn the basis of simulated system performance at a given operational
category level ere also rejected on the basis of simulated flight inspection
for that category level. Furthermore, only two facilities rejected by the
simulated flight inspection are found to be marginally acceptable by the
simulated system performance evaluation out of the twelve facilities tested
at each of two operational category levels, These findings tend to indicate
that flight inspections using the filter concept tend to be slightly con-

servetive,

»
Figure B-13a, B-1ka, B-15a through B-C2a, B-Zta, and B-C5a of Appendix B.

TR-1043-1-I1 18




TAHLE 5
5 COMPARTSON OF TEST RESULTS FOR TOLERANCES UPON
3 FILTER SYSTEM NO. 2 OUTPUTS AND UPON
: ATRCRAFT /CONTROL SYSTEM OUTPUTS
E
i ame | *700 | vaRmARLE woER TEST AND TEST CABGoRY | PAGELTTY
I§‘°§§ FACILITY| ETACB ETAP ETAE ETAPD | RESULTS
: * 77 |CATEGORY
I |II-IXI} I JII-III| I jII-IXII| I |IXI-III| I FII-III
i . 1 III F/P F/P
i’. 3 III
s 4 I
3
' 5 II
6 II
7 II *
3 9 I F/F F/F F/F F/F F/®
1
1" I F/F F/F
12 I F/P F/P F/P
13 I F/F F/F F/F
14 I F/P F/P F/F F/F F/F
15 1 F/F |F/p| F/F |F/F| F/F |F/P| F/F [F/F| F/F
Legend
F/ = Test fails for Filter System No. 2 output
) /P = Test fails for CV-880/LSI simulation output
/P = Test passes for CV-880/LSI simulation output

No entry indicates test passes for Filter System No. 2 output and for
CV-880/LSI simulation output.

Note:

1. The "Pass" is an artifact of the ETACB trace presentation in Fig. B-25.

TR-1043-1-11 19
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Other observations of interest from Table 5 are as follows.

® Two Category I ILS Glide Slope facilities (Nos. 11 ard 13)
are apparently acceptable for Category II-III service
insofar az tolerances on the differential trace are cone
cerned. (Recall this tolerance is comparable to the exis-
ting flight inspection standard on structure except in ILS
Approach Zone 3 wherein the tolerance becomes increasingly
less restrictive than the existing fiight inspection stan-
dard as the runway threshold is approached.) However,
tolerances applied to the indicated path deviation and/or
the actual path deviation rate outputs of the flight

: inspection filter system result in rejection of these

, facilities for Category II-III service. This finding

3 illustrates the increased discrimination provided by

tolerances applied to the several filter system outputs

in comparison to the level of discrimination obtained when

tolerances are applied to the differential trace alone.

b gk
’
?

@ Only one facility, commissioned for Category I service
{No. 12), has a Category TI-III level of performance.
However, the conservative nature of the filter system
obscures this fact in this particular instance.

® All ILS Glide Slope facility data records except two
(Nos. 1 and 15) pass the tolerance tests for their actual
commissioned service category. In the case of No. 1, simu-
lated system performance shows that this facility is actually
] marginally acceptable for its actual commissioned service
. category, but the conservative nature of the filter system
obscures this fact.

The above findings tend to confirm the position that flight inspections
based upon the filter system concept are successful in discrimirating against
those ILS Glide Slope facilities for which out-of-specification approach and
landing performance can be expected. Furthermore, the filter system concept
does not result in the rejection of any nommarginal ILS Glide Slope facilities.
Therefore, the method is not overly conservative.

Finally, it is interesting to note that the data in Table 3 indicate
that the Category II-III level of landing performance is achievable with
inertially augmented Glide Slope coupling f~r Category I facilities No. 10
and No. 16.
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SECTION IV
CONCLUSIONS

This section provides a summary of the major conclusions reachcd as a
result of the system simulstion studies reported herein.

i aaian e

, ® More accurate estimates of indicated and actual glide
5 path deviation and glide path 2eviation rate are pro-
| vided by Filter System No. 2 (aircraft with perfect

] i . rate-of-climb and airspeed control and proportional-
ak plus-integral coupler model) than by Filter System
-] No. 1.

% 4

® There is substantial similarity in the gross zature of
the responses for all aircraft and Glide Slope coupling

; ! techniques among themselves and with respect to the

responses estimated using Filter Systems No. 1 and 2.

; ® The inertially augmented coupler has substantially
, attenuated responses to "high" frequency ILS Glide
| Slope structure for 2ll variables except indicated
- glide path deviation (as one would expect). This is

. the principal feature differentiating the aircraft/
L control system combinations simulated. The inertially
augmented coupler also results in a modest reduction in
longitudinal touchdown dispersion.

: ® The simulation techniques reported in Ref. 1 can be used
: to predict a typical mean longitudinal touchdown point

§ using flight inspection data for a specific ILS Glide

§ Slope facility and can predict the typical longitudinal
; dimension of the *20 touchdown dispersion footprint

' arising from winds, wind shear and turbulence.

® Disturbances arising from facility-to-facility varia-
bility in ILS Glide Slope structure, and winds, wind
shear and turbulence combine in a synergistic way which
causes longitudinal touchdown dispersion for the com-
bination of all disturbances to greatly exceed the root-
sum-square disper.iocns for each disturbance acting
separately.

® The 20 tolerances (developed in Ref. 1) applied to the
corresponding responses of Filter System No. 2 are suc-
cessful in discrim’nating against those ILS Glide
Slope facilities which produce out-of-specification
approaches and landings.
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APFERIX A

FIITER SYSPEX AND AIRCRAFE/CONTROL SYSTIM
SDMULATION RESPONSR PLOTS FOR PROTOTYPE
GLIDR SIOPE PAUIR INPUTS

The data in this appendix are arranged in the manner summarigzed in
Tables A-1 and A-2. Table A-1 provides a cross reference of identifica-
tion numbers (in first column) assigned to the prototype Glide Slope faults
described verbally in the second column. Graphical presentations of these
faults are available in the figures whogse mmbers are listed in the third
and fourth columns. The graphical presentations are given both in linear
units {feet) in the DCZ (d;) trace of these figures, and in angular units
(uA) in the ETACB ('ﬁc) trace. Filter system responses to the various proto-
type Glide Slope fault inputs are given in the figures designated in the

TABLE A-1

SUMMARY OF FILTER SYSTEM RESPONSE DATA TO
PROTOTYPE GLID® SLOPE FAULT INPUTS

PROTOTYPE GLIDE SLOPE FAULT FIGURE NO. FOR RESPONSE OF
NO. DESCRIPTION FILTER NO. 1| FILTER NO. 2
1 20 ft step at 10K ft range A-1
2 20 £t step at LK ft range A-2 A-3
x 10 £t cosine 3K ft wavelength A-b4 A-5
L 10 ft cosine 1K ft wavelength A-6
5 3 £t cosine 1K £t wavelength A-7
6 | Large amplitude arbitrary function A-8
T Large amplitude arbitreary function A-9
8 | Moderate amplitude arbitrary function A-i0
9 Moderate amplitude arbitrary function A-1 A-12
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TABLE A-2

SUMMARY OF ATIRCRAFT/CONTRCL SYS™SM COMBINATION RESPONSE

ATRCRAPT/CONTROL SYSTEM COMBINATION
Gm RESFONSE FIGURE NUMBER
s e Ut | i | e | M
A-13
2 A-1k A-15 A-16 A-17
3 A-18 A-19
L A-0
5 A-21
6 A-22
7 A-23
8 A-24
g A->S A-26 A-27 A-28

third and fourth columns of Table A-1. Table A-2 provides a cross reference
of the aircraft/control system responses to the various prototype Glide Slope
fault inputs by input mmber, aircraft/control system configuration, and
figure mmber. The details of the filter systems are given in Figs. | and 2
in the main text and in Ref. 1. Details of the aircraft/control system com-
binations simulated are given in Appendix B of Ref. 1, Definitions of the
symbols used appear in the front matter.

Filter system response data appearing in Figs. A-1 through A-12 closely
simulate results which would be obtained in a hypothetical field test of the
filter system. The only assumption made iz that the inspecting aircraft is

approaching at constant ground speed and rate of descent. This assumption

TR-1043-1-II A-2 '




is close to the facts of actual operation. The filter system responses
extend down to the point where the ideal path asymptote has an altitude of
50 £t. This point nominally corresponds to the point of runway threshold
crossing.

The aircraft/control system combination response data appearing in
Figs. A-13 through A-28 have the following characteristics requiring further
explanation. The DCB (dq) trace represents the Glide Slope forcing function.
The ETACB (ﬁc) trace is derived from the DCB data. The DCB trace is active
until the Category II decision height is reached on a manually completed
landing (flight director and Piper PA-30 cases). Below the decision height
the DCB trace is set to zero. On automatically completed landings, the DCB
trace is active until the flare initiation altitude is reached. Below that
altitude, the DCB trace is held constant at the value prevailing at flare
initiation. All flight director and Piper PA-30 cases utilize the Glide
Slope forcing function in simulated Category II approaches with manually
completed landings (designated II M). The other two cases, the CV-880 with
the LSI automatic landing system (LSI) or with an inertially augmented version
of the LSI automatic landing system (IS), utilize the Glide Slope forcing
function in simulated Category II or III approaches with automatic landing.

Finally, the magnitude of most, if not all, of the prototype Glide Slope
faults is much larger than could be tolerated in actual operation. For example,
all prototype Glide Slope faults except No. 5 fail to meet the Category I
f1ight inspection standard for structure (%30 uA on a Zo basis). Furthermore,
Glide Slope “aults fo. 1, 3, -, A, 7, 8, and 9 were not tracked within the
required tol - rance for continuing a Category II approach ($37.5 uA or #12 1t
whichever is larger, from an altitude ol 700 ft down to the decision altitude)
by the systems simulated, even in the complete absence of atmospheric distur-
ba- e effects. The prototype Glide Slope faults nevertheless have been used
as supplied.
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AFPENDIX B

FIITER SYSTEM AND AIRCRAFT/CONTROL SYSTEM SIMULATION
RESPONSE PLOTS FOR ACTUAL ILS GLIDE SLOPE
FLIGHT INSPECTION MATA INPUT

Table B-1 provides background information for the 16 actual ILS Clide
Slope flight inspection records used as inputs to the filter system and
aircraft/control system simulations. This table also provides a working
identification mmber (first column) for each record. Graphical presen-
tations of the differential trace from these records are available (Figs. B-1
through B-12 and Figs. B-27, 31, 35, and 39). The graphical presentations
are given in both linear units (feet) as measured with respect to a straight
line at the commissioned angle for the particular Glide Slope facility, and
in angular units (pA) as would be measured with respect to the ideal O DDM
path by a radio telemetering theodolite set to the commiésioned angle for
the particular Glide Slope facility. The linear unit measurement is the DCB
(dc) trace, and the angular measurement is the ETACB (1) trace in the series
of figures which follow,

The data in this appendix are arranged in the manher summarized in
Tables B-2 and B-3, The second column of Table B-2 lists figure numbers
for the responses of Filter System No. 2 to the various ILS Glide Slope
flight inspection data inputs. The third through sixth columns of Table B-2
list figure numbers for the responses of the various aircraft/control system
combinations to the various ILS Glide Slope flight inspection data inputs.
The odd numbered figures listed in Table B-3 contain similar response data
for 4 additional ILS Glide Slope flight inspection datu inputs. The even
numbered figures listed in Table B-3 present the standard deviations in the
response variables arising from random levels of wind and wind shear from
one approach to the next, and from stochastic turbulence. Defintions of

the symbols used appear in the front matter.
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SUMMARY .CF ACTUAL GLIDE SLOPE FLIGHT
INSPECTION DATA RECORDS

TABLE B-1

b s s s e~

WORKING

IDENrIFI-

i FACILITY TYPE CATHGORY DATE
1 Atlanta, GA 9R Full Ref. III 2/13/73
2 Atlanta, GA Capture Effect III 3/19/73
3 Atlanta, GA Capture Effect III 3/23/73
L Pittsburgh, PA 10L Capture Effect II 8/5/70 1
5 San Francisco, CA Null Ref. II 5/6/69
6 Oakland, CA Null Ref. II 5/2/69
7 JFK, NY LR Mull Ref. II 1/28/69
9 Staunton, VA SB Ref. I ?
10 Staunton, VA End Fire I ?
1 Staunton, VA End Fire I McF. Rept.
12 Bradford, PA Mull Ref. I 10/3/70
13 Bradford, PA Mull Ref. I 7/22/74
1% Columbus, GA 5 Redlich Array I 9/23/70
15 Columbus, GA 5 Mull Ref. I ?
16 Columbus, GA 5 Capture Effect I 9/28/T
2k La Guardia, NY 22 Wave Guide II 10'6/73

TR-1043-1-1
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TABLE B-2

SUMMARY OF FIGURE FUMBERS FOR FILTER SYSTEM AND
ATIRCRAFT /CONTROL SYSTEM RESPONSE DATA
TO ACTUAL GLIDE SLOPE DATA

FTIrER AIRCRAFT/CONTROL SYS:.M COMBINATION

o o . | T oo | L8 | B |

: LSI INVENTED

AUGMENTED | DIRECTOR

1 B-1 B-13

3 B-2 B-1k B-15
L B-3 B-16
. 5 Bl B-17
6 B-5 B-18
7 B-6 B-19
9 B-7 B-20
n B-8 B-21
12 B-9 B-22

13 B-10 B-23 B-24
14 B-11 B-25
15 B-12 B-26

TABLE B-3

SUMMARY OF FIGURE NUMBERS FOR AIRCRAFT/CONTROL SYSTEM
RESPONSES TO ACTUAL GLIDE SLOPE DATA,
WIND, WIND SHEAR AND TURBULENCE

ATRCRAFT/CONTROL SYSTEM COMBINATION
) GLIDE SLOPE
RECORD ID NO. Cv-880 mg;%y g{ﬁg PA-30
LsI AUGMENTED | DIRECTOR | LVWEWED
2 B-27, 28 B-29, 30
10 B-31, 32 B-33, 34
16 B-35, 36 B-37, 38
2’4 8’39’ h‘o B-h], h2

TR-1043-1-II B-3




Filter system response data appearing in Figs. B-1 through B-12 closely
simmlate results which would be obtained in a field test of the filter system
at the given ILS Glide Slope facility. The only assumption made is that the
inspecting aircraft is approaching at constant ground speed and rate of
descent. This assumption is close to the facts of actual operation. The
filter system responses extend down to the point where the ideal pata asymp-
tota has an altitude of 50 ft. This point nominally corresponds to the point
of runway threshold crossing.

The aircraft/control system combination response data appearing in
Figs. B-13 through B-26 and odd mmbered figures B-27 through B-4i have the
following characteristics requiring further explanation., The DCB (d.) trace
represents the Glide Slope forcing function. The DCB trace is derived from
the ETACB (7,) data. The ZTACB trace is active until the Category I minimum
descent altitude or Category II decision height is reached on a mamally
completed landing (CV-880 Category I and Piper PA-30 cases). Below the
minimum descent altitude or decisior height the ETACB trace is set to zero.
On automatically completed landings, the ETACB trace is active until the
flare initiation altitude is reached. Below that altitude the ETACB trace
is held constant at the value prevailing at flare initiation. These cases
include Category II or III approaches and automatic landings with the CV-880
and the LSI automatic landing system (LSI) or an inertially augmented version
of the LSI automatic landing system (IS).

The standard deviation plots (even mmbered figures, Figs. B-28 through
B-42) require further informaiion for correct interpretation. The first
point is that the altitude, H (h), and ground rsnge, X, traces in all figures
are the mean (or expected) values of those variables. These provide the capa-
bility to read the standard deviation traces as functions of altitude, dis-
tance or time, as desired. The ncxt feature is that the standard deviation
data for each variable is presented in two components for simmlated Cate-
gory I approaches and manually completed landings. One component, the trace
designated W in the figures, is that arising from random wind and wind shear
effects. The other component, the trace designated T in the figures, is that

TR-1043-1-I1 B-4




arising from turbulence. The total standard deviation, which is not plotted,
is given by the root-sum-squared value of the two cowponents. The standard
deviation data for simmlated Category II and III approaches and landings is
presented in similar fashion down to the Category II decision height. How-
ever, below the decision height, the total standard deviation is plotted.
This is because the standard deviation components cannot be distinguished
below the decision height because the model of the missed approach decision
process operates in a nonlinear manner upon the standard deviation campo-
v1ents at the decision height. This model of the missed approach decisicn

. process is also respons.ble for the fact that the total standard deviation
value immediately below the decision height is less than or equal to the
root-sum-squared value of the standard deviation component values imme-
diately above the decision height. This arises because the missed spproach
decision process is modeled in the simulation as the expected outcome of a
single discrete Kalman measurement update at the decision height.
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Category I Utilization Simulated
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